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Abstract

This study highlights the link between hydrodynamics and fouling phenomena in a continuous rectangular ohmic cell. The

hydrodynamic study was carried out using flow visualisation techniques and particle image velocimetry (PIV). The distribution

of deposits in the ohmic cell was investigated by heating an aqueous solution of b-lactoglobulin-xanthan gum mixture. Experimental

results show that the deposit distribution on the electrode surfaces is directly related to the flow structures in the ohmic cell.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The food industry and in particular the dairy indus-

try, are faced with a severe problem due to equipment

fouling during processing. Consequently, several studies

have been devoted to heat exchanger fouling by dairy

products (Belmar-Beiny, Gotham, Paterson, & Fryer,

1993; Changani, Belmar-Beiny, & Fryer, 1997; Delplace

& Leuliet, 1995; Grijspeerdt, Hazarika, & Vucinic, 2003;

Lalande, Tissier, & Corrieu, 1985). All these works show
the crucial effect of hydrodynamic parameters on fouling

phenomena in plate heat exchangers. In spite of the ad-

vances in the comprehension of fouling phenomena, the

performances of heat exchangers still remain limited by
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fouling problems. Therefore, the development of alter-

native technologies for fouling limitation is of interest.
Ohmic heating is one of these new technologies,

where the absence of a hot wall should provide a con-

siderable advantage for foodstuff applications, by

avoiding the degradation of thermo-sensitive com-

pounds by over-heating and by reducing the fouling

of the surfaces during processing. Unfortunately, most

studies devoted to this technology have focused on the

heat treatment of food fluids with high particle con-
tents, (Benabderrahmane & Pain, 2000; De Alwis,

Halden, & Fryer, 1989; Eliot-Godéreaux, 2001; Fryer

& De Alwis, 1989; Sudhir, Sastry, & Salengke, 1998;

Wadad, Khalaf, Sudhir, & Sastry, 1996) or hydrocolloid

solutions (Marcotte, 1999) and did not focus on fouling.

Moreover, most of these studies were carried out

using tubular geometry with a parallel electric field-

flow configuration ~Ek~V (~E: electric field and ~V : velocity
field). Ould El Moktar, Peerhossani, and Le Peurian

(1993) and El Hajal (1997) studied the combined effect
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Fig. 1. Geometry of the flat ohmic cell and the studied input–output

orifices: (a) initial geometry; (b) modified geometry.
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of hydrodynamic, thermal and electrical phenomena

when heating a homogenous non-fouling fluid by a rect-

angular ohmic channel with a perpendicular electric

field-flow configuration (~E ? ~V ). Few scientific studies

have been devoted to the heat treatment of fouling food

fluids by a rectangular ohmic channel (Ayadi, Bouvier,
Chopard, Berthou, & Leuliet, 2003; Ayadi, Chopard,

Berthou, & Leuliet, 2004). However, during the heat

treatment of fouling food flows by ohmic technology,

in addition to the links between the physical phenomena

already mentioned by Ould El Moktar et al. (1993) and

El Hajal (1997), secondary links between deposit layers

and these phenomena appear as soon as the electrodes

are fouled. In continuous ohmic heating, thermal behav-
iour depends on the quantity of energy received by the

fluid during its passage through the cell. This quantity

of energy depends on the electric field applied and the

residence time distribution in the cell expressed by veloc-

ity fields. The fluid circulating at a lower than average

velocity remains in the electric field longer and receives

more energy than the fluid circulating at a velocity

higher or equal to the average. This excess energy results
in local overheating zones which become more subject to

fouling. The presence of a non-uniform flow in a contin-

uous ohmic cell (presence of re-circulation and accelera-

tion zones) is bound to affect its thermal and electric

behaviour and thus the intensity and distribution of

fouling in it.

The objective of this paper is therefore to identify and

study experimentally the impact of hydrodynamic
behaviour on the intensity and distribution of fouling

deposits, if any exist, in a rectangular ohmic channel

with a perpendicular electric field-flow configuration.

The hydrodynamic study was carried out with a Newto-

nian model fluid under isothermal conditions, using a

flow visualisation technique (coloured tracer) and the

velocity fields were measured using particle image veloc-

imetry (PIV). The distribution of deposits in the ohmic
cell was investigated by heating an aqueous solution of

a b-lactoglobulin-xanthan gum mixture.
2. Materials and methods

2.1. The experimental cell

The experimental cell, shown in Fig. 1, takes the form

of a rectangular channel (240 · 75 · 15mm thick). It is

composed of a spacer that houses the inlet–outlet de-

vices and two electrodes making up the lateral surfaces.

In this work, the influence of two different inlet–outlet

orifice geometries on the hydrodynamic and fouling

behaviour in the ohmic cell has been investigated. The

geometry termed ‘‘initial’’ is composed of two elliptical
opening with conical channels (Fig. 1(a)). The geometry
termed ‘‘modified’’ is composed of a single elliptical

opening with conical channel (Fig. 1(b)).

2.2. Hydrodynamic study

Flow visualisation tests and velocity field measurements

were performed to study the hydrodynamic behaviour in

the ohmic cell. The experimental set-up used for the visu-
alisation tests consists of a feed tank, a volumetric pump,

an electromagnetic flow meter, an assembly of three trans-

parent cells, a coloured tracer injection system, a static

mixer to avoid any risk of poor mixture heterogeneity, a

digital camera and a PC for video image acquisition.

Experiments were carried out, in isothermal condi-

tions (20 ± 1 �C), with a sucrose solution at 55% (w/w)

whose concentration was selected to obtain a Reynolds
number of 65 for a flow of 300 l/h. 5g of fluorescein pow-

der was added to 100ml of circulating fluid to act as a

coloured tracer.

The coloured tracer was injected just before the cell

inlet and its distribution was recorded in the form of

video sequences through the transparent surface. This

method allowed a qualitative characterisation of the

flow. Image processing was performed on the video se-
quences acquired and included the following key steps:

ii(i) Sampling of the video image sequences at a fre-

quency of 30 images per second (Video Editor 5.02).

i(ii) Coloured tracer passage time, is normalised and

reduced by the average residence time (s ¼ V
Q), with

V being the volume of the cell (m3) and Q the circu-

lation flow (m3/s).
(iii) Visualisation of the coloured tracer head progres-

sion as a function of reduced time: t� ¼ t
s.
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Velocity fields in the ohmic cell were measured using

the particle image velocimetry (PIV) technique. A sketch

of the experimental set-up is shown in Fig. 2. A light

source including a crystal harmonic generator to produce
the double-frequency green light (Nd : YAG; Continum;

ML PIV) was added to the experimental set-up used for

flow visualisation. A cylindrical lens transformed the

light ray into a 0.25mm thick laser plane. A high resolu-

tion CCD camera (Kodak Mega plus ES.1.0) was placed

perpendicular to the illuminated plane, permitting the

recording of two successive images of the flow in this

plane. Twomountings (DantecMeasurements) were used
for accurate laser plane and CCD camera displacement.

A flowmap type synchroniser (Dantec Measurement

Technology, Denmark) ensured the synchronisation of

the illumination frequency and recording images.

The fluid chosen was the same as that used to visual-

ise the flow. It should also be noted that reflective parti-

cles were added to the fluid beforehand (Dantec

Measurement Technology; France, diameter 15lm and
density = 1.4gcm�3).

Each pair of images of 1008 · 1016px2 recorded by

the CCD camera was divided into small interrogation

areas 32 · 32px2 with a 25% overlap. The averages

and standard deviations were calculated using 625

instantaneous measurements.
2.3. Heating of a model fouling fluid inside the ohmic cell

The experimental set-up used during thermal treat-

ment (heating) of the model fouling fluid is shown in
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Fig. 2. PIV measurem
Fig. 3. This set-up comprises three distinct zones: a pre-

heating zone composed of a classical plate heat exchan-

ger, a heating zone composed of an assembly of five

ohmic cells (study zone) and a cooling zone composed

of a tube heat exchanger.

The flow was measured by an electromagnetic flow
meter (Khrone, type:IFM 10,807K). The temperatures

were measured by platinum resistance probes (type Pt

100) placed at the inlet and outlet of each zone. A differ-

ential pressure sensor (Schlumberger, type:D) was used

to monitor pressure drop variations in the five ohmic

cells. Electric power was applied using a 15kW genera-

tor and a three-phase system. Voltage (voltmeter 0–

250V, Sineax U504, Chauvin Arnoux) and current
intensity (Ammeter 0–200A, type AC22, Camille Bauer)

were measured in the third phase.

During all the fouling experiments the flow was kept

constant at 300l/h (Reg = 65) and the inlet and outlet tem-

peratures in the cells were respectively 75�C and 100�C
(choice relating to the protein denaturation temperature

of approximately 80�C). Several test durations were set

to monitor the onset and the progression of any fouling.
Operating conditions are summarised in Table 1 (tests 3–

4 and 7–8 were performed to test reproducibility).

Given the advantages that a model fluid could pro-

vide (reproducibility, control over physical properties,

etc.), an aqueous solution of a b-lactoglobulin-xanthan
gum mixture (1% w/w of protein and 0.2% w/w of

xanthan gum) was chosen as a model fouling fluid.

b-lactoglobulin is to a great extent responsible for the
fouling caused by dairy products (Lalande et al., 1985).

Xanthan gum was used to adjust the fluid�s viscosity.
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Table 1

Fouling tests: operating conditions

Test no. Duration (h) Inlet–outlet orifice geometry

1 1 Initial

2 2 Initial

3 and 4 3 Initial

5 1 Modified

6 2 Modified

7 and 8 3 Modified
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Fig. 3. Heat treatment of the fouling model fluid: experimental device.
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The model fluid was prepared with great care to en-

sure that its physical properties remained constant for
all the tests:

• pH from 7 to 7.1.

• Shear thinning behaviour: described by Ostwald�s
law: n = 0.0023h + 0.234 and k = 6.78h�0.663 with h
from 20–80 �C and _c from 0.4 to 700s�1.

• Electric conductivity progressing linearly with tem-

perature and described by the following relation:
r = 1.35 + 0.0383(h � 20) for temperatures varying

from 0 to 100 �C.

All the other physical properties (density, specific

heat, thermal conductivity) were very close to those of

water.

After each fouling test, the system was dismantled

and following steps were carried out: (i) the electrodes
and spacers were dried for 6h at 100 �C; (ii) the dried de-

posit mass per cell was measured; and (iii) photographs

were taken of the fouled electrodes.

Once these steps had been completed, the distribution

of the deposit on the two electrodes was determined, by

dividing the electrode surfaces into twelve parts

(6mm · 2.5mm). Each part was dampened with 3ml

of distilled water. The dampened deposit was scraped,
dried and then weighed in precision scales (Precisa
Instrument; 202A; ±0.1mg; Switzerland). This method

allowed the determination of deposit distribution on
the electrode surfaces.

The precision of this method was verified by system-

atically comparing the deposit mass on the entire surface

of the electrode and the total masses of the deposits on

the twelve parts. The difference never exceeded 15%.
3. Results and discussion

3.1. Hydrodynamic study

3.1.1. Cell with initial geometry orifice

Fig. 4 shows a succession of photographs illustrating

the passage of the coloured tracer in the ohmic cell

equipped with the initial geometry orifice. This figure

clearly shows that following the passage of the fluid
via the inlet orifice, the flow profile becomes deformed

into two distinct parabolic profiles. This deformation

can largely be explained by the geometry of the inlet ori-

fice, particularly the separation between the two opening

channels (35 < y < 45mm). The conical bore and the

separation of these two opening holes favour an acceler-

ated flow at the extension of the holes (10 < y < 30mm

and 50 < y < 65) and lead to a slower flow in the central
zone (35 < y < 45mm). The progression of the tracer in

the cell shows that the global structure of the flow is

strongly influenced by the disturbance due to the pas-

sage through the inlet orifice. By moving from the inlet

to the outlet of the cell, we were able to observe that the

flow structure favours the appearance of secondary

flows at the inlet zone. The progression of the tracer to-

wards the centre of the cell showed that the space be-
tween the two parabolic profiles narrows as the tracer

advances. Conversely, the two non-mixing zones close

to the side walls were always present. Towards the outlet



Fig. 4. Flow visualisation at Re = 65 using the coloured tracer: cell equipped with initial geometry orifice.
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of the cell, even though the flow tended to a more

homogenous profile, the deformation of the flow pattern
due to the disturbances at the inlet still remained visible.

These visualisation tests are important since they per-

mit the qualitative identification of flow patterns in the

cell and highlight the influence of the orifice�s geometry

on the flow profile in the ohmic cell. However, it was still

necessary to quantify and verify whether the behaviour

observed was valid for the entire thickness of the cell.

To achieve this, measurements of the velocity fields were
carried out in the central plane of the ohmic cell

(x = 7.5mm).

The instantaneous velocity vector maps and the flow

streamlines in the inlet zone of the cell equipped with an

initial orifice geometry are presented in Fig. 5. This fig-

ure shows the existence of a preferential passage in the

continuity of the opening channels and a low speed zone

at the centre of the inlet zone. This result shows that the
flow patterns observed during visualisation using the

coloured tracer are the same along the entire thickness

of the cell. In addition to the heterogeneity of the veloc-

ity vectors at the cell inlet, Fig. 5(b) shows a progressive

deviation of the flow lines towards the side walls. This

deviation is due to the conical shape of the inlet orifice.

The presence of an undulation at the edge of the walls

(55 < z < 65mm) was seen to change progressively into
Fig. 5. Flow at the central plan (x = 7.5mm) in the entrance zone of the cell

vector map; (b) instantaneous streamlines.
a succession of vortex structures (15 < y < 55mm and

35 < z < 65mm). The flows initially directed upstream
change direction following contact with the side wall,

returning downstream and give rise to vortex-like

structures.

The presence of these secondary flows in the inlet

zone certainly has an influence on the establishment of

the flow in the ohmic cell. In order to evaluate this influ-

ence Fig. 6 shows velocity profiles at different level of the

cell high (z = 30mm, z = 90mm, z = 150mm and
z = 210mm). This figure shows that the velocity profile

at the inlet is considerably disturbed and diverges from

a parabolic profile. This profile has a hollow in the cen-

tre of the passage section (10 < y < 60mm) and two

peaks in the extension of the channels (3 < y < 10mm

and 60 < y < 67mm). The two velocity profiles at the

centre and at the outlet of the cell show that the flow

tends towards the establishment of a Newtonian type
parabolic profile, since we observed a progressive flat-

tening of the central hollow and the disappearance of

the two peaks observed at the inlet of the cell. Despite

this improvement, the velocity profiles at the cell�s outlet
was still slightly deformed and the flow not completely

established.

The geometry of the inlet orifice of the ohmic cell

was modified in the light of the results of this first
equipped with an initial geometry opening: (a) instantaneous velocity
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hydrodynamic study. The study of the flow in the cell

equipped with the new geometry was carried out under
the same conditions as those performed for the cell

equipped with the initial geometry.
Fig. 7. Flow visualisation at Re = 65 using the coloured t

Fig. 8. Flow at the central plan (x = 7.5mm) in the entrance zone of the cell

vectors map; (b) instantaneous streamlines.
3.1.2. Cell with modified geometry orifice

Fig. 7 shows a sequence of photographs illustrating

the passage of the coloured tracer in the ohmic cell

equipped with an inlet orifice whose geometry had been

modified. Observation of these photographs shows that

the inlet orifice with modified geometry appears to im-
prove the uniformity of the flow in the cell. The simple

geometry of the orifice allows the fluid to pass without

over-modifying its flow profile. We noted the absence

of the deceleration zone in the centre of the cell

(10 < y < 30mm and 50 < y < 65) and the two accelera-

tion zones seen previously. In spite of this improvement,

we nonetheless noticed a slight deformation of the

advancing profile of the coloured tracer. This deforma-
tion was mainly due to the sudden passage from one cell

to another (succession of two orifices: outlet of the first

cell followed by the inlet of the second).

The instantaneous velocity field and the streamlines

at the cell inlet equipped with an orifice of different

geometries are presented in Fig. 8. This figure confirms

the improvement of the flow already observed during

visualisation. Most of the velocity vectors take the direc-
tion of the flow. It should be noted that the preferential

flow zones and vortex structures have disappeared.
racer: cell equipped with modified geometry orifice.

equipped with a modified geometry opening: (a) instantaneous velocity
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However, a slight disturbance of the flow at the cell inlet

can be observed (Fig. 8(a) 0 < z < 20mm).

Fig. 9 shows the velocity profiles in the cell equipped

with orifices whose geometry had been modified. This

figure shows that the velocity profiles at the cell inlet is

less disturbed than in the case of the initial geometry.
Observation of the velocity profiles in the centre and

outlet of the cell shows a faster flow establishment than

that in the cell equipped with an orifice with the initial

geometry. We noticed a slight disturbance of the velocity

profiles in the centre of the cell and an almost estab-

lished flow in the cell outlet zone.

The length of flow establishment (Ze) greatly depends

on the shape and geometry of the connection between
the two channels and the Reynolds number (Comolet,

1982). In practice it is chosen as the distance at end of

which the velocity profile draws close to 1% of the par-

abolic profile. Ze could be estimated by the following

formula:

Ze

D
¼ A � Re ð1Þ

D is the diameter of the conduit and Re is the Reynolds

number. Several values for coefficient A have been pro-
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posed in the literature. Mc Thomas (1967) proposed the

value of 0.026 in a laminar regime for a Newtonian fluid

in a tubular channel. In other works the same author

modified this coefficient, placing it between 0.03 and

0.035. Comolet (1982) proposed a value for coefficient

A for each interval of the Reynolds number. For low
Reynolds number values, he proposed the value of

0.06. This difference in value assigned to coefficient A,

shows that the determination of the length of flow estab-

lishment in a channel remains specific to each case and

geometry studied. In the case of this study, by taking

into account the value proposed by Comolet (1982),

the length of establishment equals 27.5mm. This means

that theatrically, at z = 30mm, the velocity profile draws
close to 1% of the parabolic profile. Fig. 6 shows that in

the case of the ohmic cell equipped with orifices having

the initial geometry, the flow is not perfectly parabolic

even after a length of 210mm (profile at the outlet of

the cell). However, Fig. 9 shows that in the case of the

cell equipped with an orifice whose geometry has been

modified, the velocity vector profile is very close to that

of a parabolic profile from z = 150mm (profiles in the
centre and outlet of the cell).

3.2. Thermal treatment of the model fouling fluid

3.2.1. Reproducibility of fouling tests

The reproducibility of fouling tests was estimated by

measuring the mass of deposits on the electrodes, the

progression of pressure drop as a function of time and
the progression of electric variables (current, voltage).

The comparison of these different tests based on these

criteria showed itself to be quite positive (±5%).

3.2.2. Progression of deposit masses

Fig. 10 illustrates the deposit masses as a function of

time, for all the tests performed and the two geometries

tested. These results clearly show that fouling was rela-
tively low after 2h of operation and became much hea-

vier for an operating time of 3h. This leads us to

suppose that, as in plate and joint heat exchangers

(Lalande et al., 1985) and tubular heat exchangers (Fryer,
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quipped with initial geometry orifice; (b) cell equipped with modified



Fig. 11. Electrode photo: (a) after 1h-fouling run; (b) after 2h-fouling

run.
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1989), a fouling induction period exists before it reaches

very high levels.

For the two 3h tests, it would appear that the deposit

mass is lower in the cells whose geometries were not

modified. Although this is true, very large quantities of

deposit could be seen in the inlet–outlet orifices of these
non-modified cells (in the spacer). This means that for

the entire cell, the total deposit mass (electrode sur-

faces + spacer) is greater for the cells with the initial

geometry. These very substantial deposits in the inlet–

outlet orifices can quickly result in the installation

becoming clogged.

3.3. Fouling–hydrodynamic links

Fig. 11 is a photograph of two electrodes fouled after

1 and 2h-fouling runs (test 5 and 6). This figure clearly

shows that the inlet zone of the cell is subject to a far

more rapid deposit than anywhere else. This phenome-

non cannot easily be linked to temperature since the

fluid temperature at the outlet of the cell is higher than

at its inlet (Dt = 8.5 �C). On the contrary, by referring to
the hydrodynamic study carried out previously, it could

be seen that fouling starts at the point where the veloc-

ities are least uniform.

Fig. 12 presents photographs of the electrode surfaces

after 3h-fouling runs (test 4 and 7). This figure shows

that appearance and distribution of the deposits on the

electrodes is very similar to the distribution of the col-

oured tracer during the visualisation tests. Indeed, in
Fig. 12(a) (initial geometry) three distinct zones can be

seen: (i) a heavily fouled zone at the cell inlet with a spir-

al deposit profile (0 < z < 70mm), (ii) a slightly fouled

zone with a parabolic deposit profile. This zone corre-

sponds to the extension of the channels of the passage

where the maximum velocities were recorded; and (iii)
Fig. 12. Electrode photo after 3h-fouling test: (a) cell equipped with initia
an averagely fouled zone corresponding to the extension

of the mechanical separation situated next to the side

walls. It should be recalled that this zone corresponds

to the deceleration zones identified during the hydrody-

namic study. The same conclusions can be drawn from

Fig. 12(b): the fouling is more homogenous in the cell

equipped with an orifice with modified geometry in spite

of a heavily fouled zone at the cell inlet. It therefore
seems that the presence and intensity of the deposit in

the cells is directly linked to the uniformity and non-uni-

formity of the velocities.

To appreciate the quantity of material deposited lo-

cally on each of the cells, deposit mass measurements

are shown in Fig. 13. The two 3h-fouling tests are rep-

resented for both the initial geometry and the modified
l geometry orifice; (b) cell equipped with modified geometry orifice.



Fig. 13. Deposit mass distribution on the electrode surfaces after 3h-fouling test: (a) cell equipped with initial geometry orifice; (b) cell equipped with

modified geometry orifice.
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geometry. Using a far more quantitative approach than

previously, this figure once again shows that the mass

distribution is far more uniform for the modified geo-

metry (test 7) than for the initial geometry (test 4).

Moreover, there does not appear to be any correlation

between the quantity of deposit and the temperature in
the centre of the ohmic cell; the deposit is always heavier

in the inlet zone where the temperature is lowest. It

should be noted that this zone corresponds to the re-cir-

culation zone identified during the hydrodynamic study.

This leads us to confirm the previous conclusions: the

onset, presence and intensity of the deposit in the ohmic

cell are directly linked to the uniformity or non-unifor-

mity of velocities.
4. Conclusions

Hydrodynamic behaviour in a flat ohmic cell was

studied using flow visualisation and PIV techniques.

This hydrodynamic study with a Newtonian fluid in an

isothermal situation allowed firstly, a better understand-
ing to be acquired of the velocity vector distribution in

the ohmic cell. Secondly it permitted the flow structure

to be improved simply by changing the geometry of

the cell�s input–output orifices. Finally the estimation

became possible of the inlet length in the ohmic cell.

Heat treatment of a model fouling fluid shows that

the quantity of deposit is greater in the zone where the

temperature is lowest (entrance zone) and the velocity
is non-uniform. These results clearly show that in con-

tinuous ohmic heating, even the slightest hydrodynamic

disturbance (re-circulation, poor filling, singularity, etc.)

results in a thermal and electric disturbance and there by

creates zones, which are subject to fouling. Future works

will be devoted to the investigation of the temperature

gradients between electrode surfaces and the bulk under

fouling conditions.
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